Summary Background Preclinical data have shown that lenalidomide and sorafenib target endothelial cells, inhibiting growth of ocular melanoma cells in a xenograft model. We conducted a Phase I study of lenalidomide and sorafenib in patients with advanced cancer. Methods During the escalation phase, lenalidomide (days 1-21) and sorafenib (days 1-28) were given orally once daily at the following respective doses: level 1 (10 mg, 200 mg); level 2 (10 mg, 400 mg); level 3 (20 mg, 400 mg); and level 4 (25 mg, 400 mg) (1 cycle=28 days). A "3+3" study design was used. Results Forty-one patients were treated (median age: 50 years). The most common diagnoses were adenoid cystic carcinoma (N=9), ovarian adenocarcinoma (N=7), and melanoma (N=6); 142 cycles (median: 3) were administered. No dose-limiting toxicities were noted. The maximum tested dose (dose level 4) was used in the expansion phase. Grade 3-4 treatment-related toxicities were neutropenia, thrombocytopenia, skin rash, and thromboembolism. Of 38 patients who were evaluable for response, stable disease (SD) was noted in 53 % of patients (SD ≥6 months: 16 %). Tumor types with SD ≥6 months were as follows: ocular melanoma, 2/2 (100 %); other melanoma, 1/4 (25 %); adenoid cystic carcinoma, 2/9 (22 %); and ovarian cancer, 1/6 (17 %). The median progression-free survival duration was 3.5 months (95 % CI, 1.9-5.0), and the median overall survival duration was 12.3 months (95 % CI, 10.1-14.5). Conclusions Lenalidomide and sorafenib was well tolerated and associated with disease stabilization for ≥6 months in patients with melanoma, adenoid cystic carcinoma, and ovarian adenocarcinoma.
Introduction
Lenalidomide is an immunomodulatory drug with antiangiogenic properties that is currently approved for use in the treatment of multiple myeloma and 5q-deleted myelodysplastic syndrome [1] [2] [3] . Recent studies have demonstrated that lenalidomide has activity in a variety of solid tumors, although its efficacy as a single agent is modest [4] . The activity of lenalidomide against solid tumors could be enhanced by combining it with other anti-cancer agents, including other anti-angiogenic drugs. A few studies have indicated that lenalidomide can be safely combined with cytotoxic chemotherapy, with possible synergistic effects [5, 6] .
Sorafenib is an inhibitor of several serine/threonine and receptor tyrosine kinases and a potent anti-angiogenic drug currently approved for use in renal cell carcinoma and hepatocellular carcinoma. Specifically, it inhibits signal transduction involving multiple intracellular kinases (e.g., c-Raf, b-Raf, and mutant b-Raf) and cell surface kinases (e.g., c-Kit, Flt-3, vascular endothelial growth factor receptor [VEGFR]-2, VEGFR-3, platelet-derived growth factor receptor [PDGFR]-b) [7] . The combination of sorafenib and lenalidomide is attractive because of the potentially beneficial dual anti-angiogenic effect. Moreover, a preclinical model has demonstrated enhanced antitumor activity with this combination [8] . Therefore, we designed a phase 1 clinical trial of a combination of lenalidomide and sorafenib in patients with advanced cancer. The primary objective was to determine the maximum tolerated dose (MTD) and the dose-limiting toxicity (DLT) of lenalidomide combined with sorafenib. The secondary objective was to assess the antitumor efficacy of this combination, if any.
Patients and methods

Eligibility criteria
Patients with histologically confirmed advanced or metastatic cancer that was refractory to standard therapy, had recurred after standard therapy, or for which there was no standard therapy available were eligible for the protocol. Participants must have completed their previous anticancer therapy (cytotoxic chemotherapy, major surgery or radiation) ≥3 weeks prior to study entry (or ≥5 half-lives prior, if they had received targeted or biologic therapy). Participants were also required to have Eastern Cooperative Oncology Group (ECOG) performance status ≤2 and adequate renal (creatinine clearance ≥50 ml/min by CockcroftGault formula), hepatic (total bilirubin <2.0 mg/dL or alanine aminotransferase ≤5× upper normal reference value), and bone marrow (absolute neutrophil count ≥1,000 cells/μL and platelet count ≥100,000 cells/μL) function. Female patients of childbearing potential were eligible if they had a negative urine or human chorionic gonadotropin serum test and agreed to use effective contraception throughout study participation.
Patients were ineligible if they were pregnant or breast feeding or had any of the following: serious uncontrolled medical illness, psychiatric illness that limited their capacity to sign the consent documents, uncontrolled hypertension (systolic blood pressure >140 mm Hg and diastolic blood pressure >90 mm Hg on medication), history of deep vein thrombosis or pulmonary embolism, or significant cardiovascular disease (history of myocardial infarction or history of cerebrovascular accident or unstable angina pectoris within the past 6 months). All patients had to sign informed consent forms fully disclosing the investigational nature of the trial prior to enrollment. The protocol was approved by The University of Texas MD Anderson Cancer Center Institutional Review Board.
The sorafenib and lenalidomide arm was one of the four arms of an investigator-initiated clinical trial (www.clinicaltrials.gov, NCT01183663). The other arms were lenalidomide in combination with bevacizumab, temsirolimus, or 5-fluorouracil, leucovorin, oxaliplatin (FOLFOX).
Treatment plan
Lenalidomide was given orally on days 1-21 and sorafenib was given orally on days 1-28 of each 28-day cycle. All treatment was given on an out-patient basis. The starting doses were 10 mg once a day for lenalidomide and 200 mg once a day for sorafenib. New dose cohorts were initiated after a 30-day post-treatment observation period following enrollment of the last patient in each cohort. The dose escalation scheme is shown in Table 1 . Patients were to receive prophylactic anticoagulation at the treating physician's discretion.
Patients received full supportive care, including transfusions of blood and blood products, antibiotics, and antiemetics, when appropriate. Hematopoietic growth factors were allowed for grade 3 or 4 neutropenia or for neutropenic fever.
Dose modifications
If grade 3 treatment-related toxicity occurred, treatment was withheld until resolution of toxicity to grade ≤1 and restarted at the next lower dose. If grade 3 toxicity recurred or grade 4 toxicity occurred, treatment was discontinued.
Patient monitoring
Patients were monitored every 4 weeks by complete clinical evaluation, including assessment for adverse events, complete blood count and blood differential tests, and blood chemistry studies. All patients underwent radiological studies for tumor staging after every two cycles of therapy (1 cycle=4 weeks).
Endpoints and statistical considerations
The study was conducted with a conventional "3+3" study design, followed by an expansion phase. Toxicities were assessed using the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE), version 3.0 [9] . Dose-limiting toxicities (DLTs) were assessed during the first cycle and defined as follows: any grade 3 or 4 nonhematologic toxicity, as defined in the most current version of the NCI CTCAE, even if expected and believed to be unrelated to the study medications (except nausea and vomiting, electrolyte imbalances responsive to appropriate regimens, or alopecia); any grade 4 hematologic toxicity lasting 7 days or longer (as defined by the NCI CTCAE), despite supportive care or associated with bleeding and/or sepsis; any grade 4 nausea or vomiting lasting more than 5 days despite maximum anti-nausea regimens; any other grade 3 non-hematologic toxicity, including symptoms/signs of vascular leakage or cytokine release syndrome but excluding alopecia; and any severe or life-threatening complication or abnormality not covered in the NCI CTCAE. The maximum tolerated dose was defined by DLTs that occurred in the first cycle. Patients who had response or stable disease were allowed to remain on the study until progression of disease, death, withdrawal of consent, or unacceptable toxicity occurred. Best response was assessed by an MD Anderson Cancer Center radiologist every 2 cycles of therapy using the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines (version 1.0) [10] . These criteria define a partial response as a 30 % or greater decrease in the sum of the longest diameters of target lesions, excluding complete disappearance of disease (complete response). Progressive disease was defined as a 20 % or greater increase in the sum of the longest diameters of target lesions. Stable disease (SD) was defined as changes not meeting the criteria for a partial response or progressive disease. Waterfall plot analysis was used to illustrate antitumor activity, if any, as previously described [11] . Responses shown in the waterfall plot were grouped according to standard RECIST criteria.
Overall survival was measured from the start of treatment on protocol until death from any cause or until last followup. Progression-free survival was measured from the start of treatment on protocol until progression or death due to any cause, whichever occurred first. Failure-free survival was calculated from start of treatment until disease progression. A p-value <0.05 was considered statistically significant. Statistical analyses were carried out using SPSS 19 computer software (SPSS Chicago, IL).
Results
Patient characteristics
From August 2010 to September 2012, 42 patients were registered to be treated on protocol with this combination therapy. One patient did not start therapy due to insurance issues. Forty-one patients were treated. Their median age was 50 years (range, 16-72 years). There were 23 women and 18 men. The most common diagnoses were adenoid cystic carcinoma (n=9), ovarian adenocarcinoma (n=7), and melanoma (n=6). Thirty-three (80 %) patients had 2 or more metastatic sites (range, 1-7). The median number of prior therapies was 3 (range, 0-12). The median time from diagnosis to enrollment in the study was 135 months (range, 1-413). Baseline patient characteristics are shown in Table 2 .
Dose escalation and dose-limiting toxicity
A total of 142 cycles of therapy were administered. The median number of cycles administered per patient was 3 (range, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Of the 41 patients who started the study medications, 3 patients withdrew consent and discontinued protocol treatment prior to completion of 1 month of therapy (none had toxicity). Another patient had rapid disease progression within the first month of treatment. These four patients did not complete cycle 1.
The dose escalation schema and the number of patients treated at each dose level are listed in Table 1 . No DLT was RMH Royal Marsden Hospital score [24] a One patient each had adrenocortical carcinoma, breast adenocarcinoma, cervical squamous cell carcinoma, chondrosarcoma, desmoplastic small round cell tumor, ear canal squamous cell carcinoma, fallopian tube adenocarcinoma, renal cell carcinoma, soft tissue sarcoma, unkown primary adenocarcinoma, urethral squamous cell carcinoma, and uterine leiomyosarcoma observed during the dose-escalation portion of the study; therefore, the last dose level (level 4: lenalidomide at 25 mg daily for 21 days and sorafenib at 400 mg daily for 28 days every 4 weeks) was used in the expansion phase. Twentytwo patients were treated in the expansion phase. One of these 22 patients developed a grade 3 skin rash in the first cycle that was considered a DLT. No other patients developed a DLT.
Prophylactic anticoagulation (low molecular weight heparin, coumadin, or aspirin as deemed appropriate) was initially to be given at the treating physician's discretion, but was strongly recommended after 2 patients developed thromboembolism while on the study.
Toxicity
Twenty-four (58 %) patients had no toxicity greater than grade 1. The most common non-hematological toxicities were skin rash (n=11), myalgias (n=3), mucositis (n=3), nausea/vomiting (n=2), anorexia (n=2), deep vein thrombosis (n=1), and pulmonary embolism (n=1), tremors (n=1), headache (n=1) and hypertension (n=1) ( Table 3) . Six patients required treatment with granulocyte colony-stimulating factor (filgrastim) for neutropenia. Dose reduction of lenalidomide (from 25 mg/day to 20 mg/day) was required in three patients because of grade 3 skin rashes (n=2) and respiratory infection (n=1).
Nineteen (46 %) of 41 patients received prophylactic anticoagulation therapy. Two patients (one who received anticoagulation prophylaxis and one who did not) developed thromboembolism (1/19 (5 %) vs. 1/22 (4.5 %); p=.94). After these two patients developed thromboembolisms, prophylactic anticoagulation was mandated, and no additional patients developed thromboembolic complications.
The first patient to develop a thromboembolism was a 59-year-old female physician with non-small cell lung carcinoma metastatic to the lung, liver, bones, lymph nodes, and brain who was being treated at dose level 2. She was admitted to the hospital during cycle 2 (day 23) with septic shock and died soon after of multi-organ failure. At the time of admittance, she was found to have bilateral popliteal vein deep vein thrombosis, and no pulmonary embolism was identified on the computed tomography scan of the thorax. Prior to the admission she had reported fever for approximately a week and pain and swelling in her elbow for 3 days. She had refused to visit the emergency center. After being admitted to the hospital, she underwent restaging imaging studies that demonstrated progressive disease, in addition to a pathological fracture of her humerus.
The second patient, a 49-year-old male with squamous cell carcinoma of the urethra metastatic to the lungs and lymph nodes, developed a pulmonary embolism (grade 4 toxicity) while on prophylactic warfarin during cycle 2 of protocol treatment. He presented with dyspnea, and computed tomographic angiography showed a pulmonary embolism. He was treated with low-molecular-weight heparin and recovered. His protocol treatment was subsequently discontinued, however, when progressive disease was found on imaging studies.
Toxicity evaluation at the maximum tolerated dose
Twenty-nine patients were treated at dose level 4 (Table 1) . Overall, 100 cycles were administered at this dose level, with a median of four cycles per patient (range, 1-17). The following toxicities were noted: two patients had grade 3 skin rash (one patient during cycle 1 [DLT] and another patient during cycle 2), five patients had grade 3 neutropenia, and one patient developed grade 3 thrombocytopenia. All of these toxicities were fully reversible.
Response evaluation
Response was evaluable for 38 patients. Of these, 3 patients remained on protocol at the time of last follow-up. Thirtyfive patients stopped protocol treatment for the following reasons: progression of disease (n=31), consent withdrawal (n=3; 1 due to difficulty in travelling to our center after completing 17 cycles, 2 for taking alternative therapies), and death (n=1). The best response noted was SD in 20/38 (53 %) patients, including 6/38 (16 %) who had SD for at least 6 months (Tables 4 and 5 ). Of 6 patients with melanoma, five (83 %) had stable disease; of these five patients with stable disease, two had ocular melanoma. Of the six patients who had SD for ≥6 months, there were two patients who had very prolonged SD. One was a 30-year-old woman with melanoma metastatic to the lungs and liver who had had four prior therapies. Her best response was a 4 % decrease in tumor measurement, and she remained stable on therapy until last follow-up, with minimal toxicity (grade 1 rash), after 14 cycles of treatment. The other patient was a 74-year-old man with adenoid cystic carcinoma metastatic to the lungs that had progressed after two lines of chemotherapy. He had stable disease for 17 cycles (best response, −17 %, by RECIST) at the time of protocol discontinuation due to logistic issues. SD ≥6 months was noted in ocular melanoma, 2/2 (100 %); other melanoma, 1/4 (25 %); adenoid cystic carcinoma, 2/9 (22 %); and ovarian cancer, 1/6 (17 %) ( Tables 4 and 5 ).
Tumor restaging (RECIST) data were available in 33/38 patients who completed at least one cycle of treatment (Fig. 1) . RECIST measurements were not available for 5 patients owing to the following reasons: rapid clinical progression before radiologic evaluation in 3 patients, disease unmeasurable by RECIST criteria in 2 patients (neural infiltration in 1 and predominant bone disease in 1).
Survival duration
Of the 41 patients enrolled in the protocol, 30 had documented progression of their disease and two patients died. Three patients remain on study, and 6 patients withdrew consent (3 within the first month of treatment without response assessment and with no specific reason; 1 to pursue ipilimumab treatment, which was approved at that time; 1 to pursue anti-interleukin-2 therapy; and 1 because of logistical issues (unable to travel after completing 17 cycles of treatment; the patient had disease and did not experience toxicity).
Progression (30 with documented progression and 2 with death while on therapy) occurred in 32/41 patients yielding a median progression-free survival of 3.5 months (95 % CI, 1.9-5.0) (Fig. 2a) . The failure-free survival duration was estimated to be 3.7 months (95 % CI, 2.0-5.3) (Fig. 2b) .
Fifteen of the 41 patients enrolled had died at last followup. The median follow-up duration of surviving patients was 7.6 months. The median overall survival duration was 12.3 months (95 % CI, 10.1-14.5; range, 0.1 to 24.9 months) (Fig. 2c) .
Discussion
This is the first clinical trial to investigate the combination of lenalidomide and sorafenib in patients with advanced cancer. Although the number of patients studied was small, our results appear to support previously published in vitro data demonstrating additive to synergistic activity of lenalidomide when combined with sorafenib [8] .
Overall, the combination of lenalidomide and sorafenib was well tolerated. No DLT was noted in the escalation phase (19 patients). One of 22 patients treated in the expansion phase had a DLT (grade 3 skin rash). Two-thirds of patients did not experience adverse effects greater than grade 1. The most common adverse event was skin rash (11 of 38 patients, Table 2 for other tumor types ACC adenoid cystic carcinoma, OS overall survival in months, PD progressive disease, PFS progression free survival in months, Prior Rx number of prior lines of therapy, PS ECOG performance status, RECIST response evaluation criteria in solid tumors 29 %). Nine patients had grade 1-2 and two patients had grade 3 skin rash. In both patients with grade 3 skin rashes, treatment with sorafenib and lenalidomide was withheld for a week, topical and/or oral corticosteroids were administered, and subsequently, patients continued treatment at a lower dose of lenalidomide as per the protocol. Skin rash is a common adverse event of both sorafenib and lenalidomide. Previously published data demonstrated that the use of lenalidomide is associated with skin rash in 6-11 % of patients with solid tumors [4, 12] . Single-agent sorafenib is associated with skin rash in 16-40 % of patients, although it is more frequent at doses of at least 800 mg/day [13] [14] [15] . Although the occurrence of sorafenib-associated skin rash is uncommon at doses of 400 mg/day or less, as used in our study [16] , the addition of lenalidomide likely contributed to the skin rash complications that were noted in our study. Grade 3 neutropenia occurred in seven (18 %) of 38 patients. All of these patients were able to continue treatment with granulocyte colony-stimulating factor support. Neutropenia is a well-described adverse effect of singleagent lenalidomide. The reported incidence of grade 3/4 neutropenia in patients with solid tumors varies from as low as 2.7 % to as high as 50 % [17] [18] [19] [20] . Grade 3-4 neutropenia has not been reported in large trials with single-agent sorafenib [14, 15, 21] . Therefore, neutropenia in our patient population was attributed to lenalidomide.
Thromboembolism is a serious adverse effect of lenalidomide, although it is less common in patients with solid tumors. In two large trials of single-agent lenalidomide in patients with metastatic melanoma, the incidence of thromboembolic complications ranged from 0 % to 2.6 % (no prophylactic anticoagulation was reported) [17, 18] . In addition, there were no reports of thromboembolism in some phase 2 and phase 3 studies of single-agent sorafenib in renal and hepatic carcinomas [14, 15] . However, a more recent phase 2 study of single-agent sorafenib in patients with hepatobiliary cancer reported thromboembolism in five of 46 patients [21] . Both lenalidomide and sorafenib are anti-angiogenic agents, and they may be associated with vascular toxicity; therefore, the development of vascular thrombi cannot be ruled out. In our study, prophylactic anticoagulation therapy was left to the discretion of the treating physician until two patients developed thromboembolism during the study (one who did not receive anticoagulation therapy and one who was receiving prophylactic warfarin). After these events, subsequent patients received prophylactic anticoagulation therapy, and there were no additional cases of thromboembolism. These data suggest that patients treated with this combination therapy should receive mandatory prophylactic anticoagulation therapy.
Antitumor activity with this combination was noted in melanoma (including ocular melanoma), ovarian cancer, and adenoid cystic carcinoma. The clinical benefit noted in ocular melanoma correlates in part with preclinical data showing additive to synergistic activity of this combination in ocular melanoma cells [8] . Single-agent lenalidomide has activity in melanoma, but the results of two phase 2/3 trials were disappointing (only 11 % of patients with melanoma continued treatment with single-agent lenalidomide ≥6 months in a double-blind phase 2/3 trial) [17, 18] . Similarly, sorafenib as a single agent was associated with disease control (SD or greater response) in 11 % of patients in a phase 2 study of patients with melanoma [22] . In our study, SD was noted in five (83 %) of six patients with melanoma, including two patients with ocular melanoma. We also observed SD ≥6 months in 25 % (1 of 4) of non-ocular melanomas. These results indicate that this combination has a synergistic effect. Disease stabilization was noted in 2 of 9 patients with adenoid cystic carcinoma, which is a rare tumor type with few treatment options. One of these patients had stable disease for 19 months until he finally discontinued participation in the study because he had limited resources to travel to MD Anderson. Although adenoid cystic carcinoma may be associated with an indolent disease course, the patients enrolled in our study had progressive disease at the time of initiation of treatment on protocol and both of them had tumor shrinkage (Table 5) .
Although the number of patients was small and no objective responses were noted, 53 % of patients had SD, including 16 % who had SD ≥6 months. Keeping in mind that sorafenib, as an anti-vascular endothelial growth factor agent, can lead to disease stabilization without actual tumor shrinkage and that lenalidomide is an immunomodulatory agent, these results are encouraging [23] . Other investigators have reported that a meaningful survival benefit can result even in the absence of measurable "responses," as indicated by the phase 3 data for sorafenib in hepatocellular carcinoma [15] .
Most of the patients who benefited from this protocol received treatment in dose levels 3 or 4, which were the highest dose levels studied. It is possible that the anti-tumor activity is dose related, but the numbers are too small. Another limitation of our study is that molecular profiling was not performed for most of the patients.
In conclusion, our study demonstrated that the combination of lenalidomide and sorafenib was safe and it was associated with antitumor activity in selected patients with melanoma (including ocular melanoma), adenoid cystic carcinoma, and ovarian carcinoma. These results suggest that further investigation of lenalidomide and sorafenib in these selected tumor types is warranted.
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